Elastic phase shifts and scattering cross sections for electron-hydrogen scattering below the nϭ2 threshold are carefully evaluated using the hyperspherical close-coupling ͑HSCC͒ method. The results are compared to other benchmark calculations to illustrate the convergence properties of the HSCC method. Elastic and inelastic scattering cross sections between the nϭ2 and nϭ3 thresholds are also calculated and compared to other benchmark calculations. ͓S1050-2947͑97͒00709-9͔ PACS number͑s͒: 34.80. Bm, 34.80.Dp In recent years the hyperspherical close-coupling ͑HSCC͒ method has been used extensively to study photoionization of helium atoms ͑see ͓1͔, and references therein͒ and photodetachment of H Ϫ ͑see ͓2͔, and references therein͒ over a broad energy region. The HSCC method has been shown to be able to obtain accurate results for the scattering cross sections as well as resonance parameters for two-electron systems. It has also been used recently to study rearrangement collisions such as positron scattering with atomic hydrogen ͑see ͓3͔, and references therein͒. While results obtained from the HSCC method in the higher-energy region where many channels are open have been shown to be in general in good agreement with experimental data, the method has not been critically examined at the highprecision level. In this Brief Report, we present results from careful HSCC calculations in the low-energy region for electron-hydrogen collisions where a number of other benchmark theoretical calculations are available. We demonstrate that the HSCC method is capable of achieving comparable precise results as well in the energy region where a few channels are open.
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The HSCC method has been described elsewhere ͓4,5͔ and in a review article ͓6͔. For the present system, the twoelectron wave function is expressed in hyperspherical coordinates as (r 1 ជ ,r 2 ជ )ϭ⌿(R,␣,⍀)/(R 5/2 sin␣cos␣) and the Schrödinger equation satisfies
where Rϭ(r 1 2 ϩr 2 2 ) 1/2 is the hyperradius, ␣ϭtan Ϫ1 (r 1 /r 2 ) is the hyperangle, ⍀ denotes the four angles (r 1 ,r 2 ), and H ad is the adiabatic Hamiltonian at fixed values of R.
In the HSCC method, the configuration space is divided into two regions, the inner region (RϽR M ), and the outer or asymptotic region (RϾR M ). The inner region is further divided into small sectors. Within each sector ͓R iϪ1 ,R i ͔, the wave function is expanded as
where the basis functions (R i m ;␣,⍀) within the sector are fixed to be the adiabatic eigenstates at R i m , often chosen at the midpoint of the sector. Since the basis functions are fixed within each sector, the expansion is called the diabatic-bysector method. From Eq. ͑2͒ a set of coupled second-order differential equations for F (R) are obtained within each sector which are integrated from one end of the sector to the other where it is matched to the wave function expanded in terms of basis functions from the next sector. By matching the wave functions and the derivatives with respect to R at the boundary of the two sectors, this procedure allows us to integrate the coupled equations until it reaches the boundary of the outer region at RϭR M , where it is further matched to the asymptotic wave functions expressed in independent particle coordinates to extract the K matrix. The K matrix contains all the information on the scattering process. For more details of the method, the readers are referred to ͓6͔.
We first present the elastic phase shifts for electron hydrogen scattering using the HSCC method. Accurate phase shifts for this system have served as a critical test for any theoretical method. In Table I we compare the results of the HSCC calculation with other benchmark calculations. For 1 S e and 3 S e partial waves, the HSCC results are in good agreement with those obtained from the direct numerical integration of the Schrödinger equation by Wang and Callaway ͓7͔, with the results from the R-matrix calculation ͓8͔ and the variational calculations ͓9͔. The discrepancies are in the third decimal point in the phase shift at most. To achieve highprecision phase shifts reported here in the HSCC calculation, we have used a matching radius R M between 115 and 250 a.u. The number of channels N ch included in the inner region is 60-75 and the number of sectors N sect is 1000. Convergence is checked by varying the matching radius and the number of channels. Table I . In the HSCC calculation, we used R M ϭ190-602, N ch ϭ100-133, N sect ϭ1400.
We have not calculated the phase shifts for partial waves beyond Lϭ3. The phase shifts for these higher partial waves are quite small because of the centrifugal barrier. Such small phase shifts in general are more easily calculated using perturbative approaches. We note that in this respect the HSCC method is similar to the finite-element method of Shertzer and Botero ͓11͔ and the direct numerical solution of Wang and Callaway ͓7͔ in that they are suitable for lower partial waves where electron correlation is more significant. For higher partial waves the independent particle picture is rather adequate, then perturbative approaches or methods based on the close-coupling approximation will be able to achieve accurate results with less effort.
We have also calculated all the elastic and inelastic scattering cross sections for a few energy points between the H(nϭ2) and H(nϭ3) thresholds using the same set of parameters R M , N ch , and N sect as in the calculation of the elastic phase shifts. In Table II and Table III the results are compared to those from Wang and Callaway ͓7͔ at k 2 ϭ0.78 Ry and 0.85 Ry, respectively. Results from other calculations can be found in the work of Wang and Callaway and will not be repeated here. From the two tables, we first note that the 1s-1s, 1s-2s, and 1s-2p cross sections between the two calculations agree quite well for all the partial waves. For the transitions 2s-2s, 2s-2 p, and 2p-2 p there are large discrepancies between the two calculations at k 2 ϭ0.78 Ry, especially for (LS)ϭ(00),(01). The discrepancy is not as serious at k 2 ϭ0.85 Ry. In general we have observed that the discrepancy occurs at lower energies when k 2 is close to the excitation threshold ͑at 0.75 Ry͒ but the errors become smaller at higher energies.
We remark that the elastic or resonant scattering cross sections ͑such as 2s-2 p) at low energies are more difficult to obtain accurately using the diabatic-by-sector approach of the HSCC method. Recall that in Eq. ͑2͒ the wave functions are expanded in terms of diabatic basis functions within each sector, i.e., the basis functions remained fixed within each sector. This is not a good representation of the physical system for those channels which are barely open. These lowenergy channels, as expected, are better represented by suitable adiabatic basis functions. To achieve high-precision calculations for these channels within the diabatic-by-sector scheme, a large increase in the number of diabatic basis functions would be needed to represent the adiabatic channel functions. This is not easy to implement directly since in the same calculation other channels which have higher kinetic energies are more diabatic in nature. The poor elastic and resonant scattering cross sections in the HSCC calculations near the opening of the new thresholds are thus expected. From Tables II and III , however, we notice that the inelastic scattering cross sections converge much faster and even the 1s-1s elastic channels are well converged. The inelastic transitions occur at smaller hyperradius and for the 1s-1s elastic channel the kinetic energy is not small such that diabatic basis function is a good approximation.
In summary, we illustrated that the HSCC method indeed can be carried out to the comparable precision of the existing benchmark calculations for the basic electron-hydrogenatom collisions. The main power of the HSCC method, however, is in its application to the higher-energy region where many channels are open, as illustrated in the previous applications ͓14,2͔. In the higher-energy region, there are few benchmark calculations available for comparison, but the results from the HSCC method have been compared most favorably with most detailed experiments from photoionization studies ͓1͔. 
